Abstract. Hydrogen and deuterium Rydberg atoms, initially moving at velocities of 600 m/s and 560 m/s, respectively, in pulsed supersonic beams, have been decelerated and electrostatically trapped following adiabatic 90
Introduction
Atoms and molecules in Rydberg states of high principal quantum number, n, can exhibit very large electric dipole moments, |µ max | ≃ 3 2 n 2 e a 0 , where e is the electron charge and a 0 is the Bohr radius [1] . These maximal dipole moments exceed 1000 D for values of n greater than 17, and in atomic hydrogen, or in Rydberg states of nonhydrogenic species with values of the azimuthal quantum number |m ℓ | ≥ 3, give rise to linear Stark shifts in weak electric fields. As a consequence of these very large electric dipole moments, strong forces can be exerted on atoms and molecules in these states by inhomogeneous electric fields. This was first noted by Wing [2] and Breeden and Metcalf [3] and demonstrated experimentally by Softley and co-workers 2 with the transverse deflection of a pulsed supersonic beam of krypton atoms [4] and the deceleration of fast beams of molecular hydrogen [5] . These initial experiments relied upon the use of time-independent electric fields. However, by introducing time-dependent fields, the efficiency of the deceleration process could be significantly improved [6, 7] , leading to the reflection [8] and electrostatic trapping of beams of hydrogen atoms [9] and hydrogen molecules [10] . This deceleration technique, referred to as 'Rydberg-Stark deceleration', represents one method for the preparation of stationary gas-phase samples of quantum-state-selected molecules, at translational temperatures below E kin /k B ≃ 1 K. Other such methods include multistage Stark deceleration [11] , multistage Zeeman deceleration [12, 13] , buffer-gas cooling [14, 15] , optical Stark deceleration [16] and association of ultracold atoms [17, 18, 19] .
Translationally cold samples of state-selected Rydberg atoms and molecules, in velocity controlled beams or in traps, are of interest in several areas of research. These include precision spectroscopy [20] , investigations of slow decay processes in molecular Rydberg states (see [21] and references therein), studies of many-body interactions [22, 23] , low-energy scattering from surfaces [24, 25] and molecules [26] , experiments with anti-hydrogen [27] , and hybrid approaches to quantum information processing involving Rydberg atoms and solid-state microwave circuits [28] . Interactions of the cold samples of Rydberg atoms or molecules with the local blackbody radiation field [29] and with other atoms and molecules in the beams or in the trap volume can affect the outcome of experiments and must therefore be carefully quantified and minimised. To this end, we have recently developed an integrated decelerator and off-axis electrostatic trap that can be cooled to low temperatures [30] . Reflection of ground state polar molecules at grazing incidence from electrostatic mirrors was first demonstrated by Wark and Opat [31] with later work carried out by González Flórez et al. [32] . However, the large electric dipole moments, together with the use of timedependent electric-field distributions, which are key elements of the work described here, allow rapid 90
• deflection of particles out of a pulsed supersonic beam in times of less than 10 µs.
In this article, the operation of this decelerator and off-axis electrostatic trap is described in terms of the time evolution of the electric-field and potential-energy surfaces with which the atoms interact during the deceleration and trap-loading processes. These surfaces have been studied in the laboratory-fixed frame of reference and in the frame of reference defined by the position of the continuously-moving electric-field minimum about which the samples are decelerated. The range of Rydberg states of atomic hydrogen (H) and deuterium (D) that can be decelerated from initial longitudinal velocities close to 600 m/s, and efficiently trapped using this device have also been studied, and the role of the quadratic Stark shift in the deceleration process has been elucidated.
Rydberg-Stark decelerator and off-axis electrostatic trap
The integrated Rydberg-Stark decelerator and off-axis electrostatic trap used in the experiments described here is depicted schematically in figure 1(a) . This device is identical to that described in reference [30] . To load the off-axis trap, pulsed supersonic beams of ground-state H (D) atoms are generated by 193 nm laser photolysis of NH 3 (ND 3 ) seeded in krypton, in a uv-grade fused-silica capillary mounted at the exit of a pulsed valve [33] . After passing through a skimmer, this beam propagates with a longitudinal velocity of 600 m/s (560 m/s) along the z-axis at (x = 0, y = 0), and enters the integrated decelerator and off-axis trap. This device consists of a set of metallic plates labelled E1-E6 and hereafter called electrodes. These electrodes, and the copper heat shield that surrounds them, are cooled to 125 K using a liquid-nitrogen thermal bath. Two counterpropagating pulsed laser beams, with wavelengths of ∼ 121 nm and ∼ 365 nm, cross the atomic beam 2.8 mm before the end of electrodes E1 and E2 and drive a resonant two-photon transition via the 2P state to Rydberg-Stark states with principal quantum numbers close to n = 30. At the time of photoexcitation, and later when the atoms are in confined in the off-axis electrostatic trap, electrical potentials of +12 V (-12 V) are applied to electrodes E1, E4 and E5 (E2, E3 and E6). These potentials give rise to an electric field of 58 V/cm at the position where the atoms are photoexcited [indicated by the full red circle at z = −4 mm, y = 0 in figure 2(a,vi)] and result in the generation of a pair of quadrupole electric-field distributions with minima located between E1-E4 and E2, E4, E5, and E6, as depicted in figure 2(a,vi) . The endcap electrodes [not shown in figure 1(a)] which close-off each of these quadrupole traps in the x-dimension are operated at constant electrical potentials of ±22 V to generate a non-zero electric field at the trap minima [9, 30] . The field of 58 V/cm at the position of photoexcitation lifts the degeneracy of the Rydberg states and permits the selective excitation of Stark states with electric dipole moments which are most appropriate for deceleration and electrostatic trapping. These states are labelled by an index k which is the difference n 1 − n 2 between the two parabolic quantum numbers [1] . For each value of n and |m ℓ |, k ranges from −(n − |m ℓ | − 1) to +(n − |m ℓ | − 1) in increments of two [1] .
The time evolution of the electric potentials applied to each of the six principal electrodes during deceleration and trapping are presented in figure 1(b) . At a time of 2.5 µs after photoexcitation, corresponding to the dashed vertical line labelled (i) in figure 1(b) , potentials of -665 kV (+665 kV) are applied to E3 (E4) to generate a large positive electric-field gradient along the z-axis [see figure 2(a,i) ]. This shifts the minimum of the quadrupole electric-field distribution, that was initially located between E1-E4, to the position where the Rydberg atoms are located and represents the beginning of the deceleration and trap-loading phase. The resulting strong field gradient in the propagation direction gives rise to a force which slows down atoms with electric dipole moments oriented anti-parallel to the local electric field vector. The instantaneous position, and the trajectory in the yz-plane, of the center of an ensemble of H atoms in n = 30, k = 19 Rydberg-Stark states at successive stages of the deceleration 
Time ( process is indicated by the full red circles and curves, respectively, in figure 2(a). To avoid losses by electric-field ionisation during deceleration, and to gradually transfer the momentum of the particles from the z to the y dimension, the potentials applied to E3 and E4 then decay exponentially while the potential on E1 rises. Following the application of the deceleration potentials to E3 and E4 [dashed vertical line labelled (i) in figure 1(b)], the minimum of the electric field distribution begins to move around the corner of E2 and the atoms are guided away from the z-axis in the positive y direction [figure 2(a,ii)]. At this time, the potential applied to E3 increases again until it matches that applied to E1 which shifts the field minimum further into the positive y direction and transports the atoms toward the off-axis trap [figure 2(a,iii)]. In this process the excited atoms are shifted out of the molecular beam in less than 10 µs. The potentials on E1 and E3 are then abruptly switched back to their initial values of ±12 V and potentials of +900 V (-900 V) are applied to E5 (E6) to initiate the final stage of trap loading. These potentials give rise to a large positive electric-field gradient along the y-axis at z = 0, with a minimum of electric field strength close to the center of the cloud of decelerating atoms [figure 2(a,iv)]. This field gradient is exploited to decelerate the atoms in the y-dimension. As these potentials on E5 and E6 decay exponentially, with a time constant of 2.4 µs, the motion of the electric field minimum guides the atoms along the y-axis at z = 0 [figure 2(a,v)] until they come to a standstill at z = 0, y = +6 mm, the position of the off-axis trap [figure 2(a,vi)]. At this time the electrostatic trapping phase begins. The Rydberg atoms which are confined in this off-axis trap are detected by pulsed electric-field ionisation upon application of electric potentials of +1.25 kV to E2 and E5 which also extract the resulting ions toward a microchannel-plate detector. Position in z dimension (mm) 
Motional effects in the deceleration and trap-loading process
Throughout the process of deceleration and off-axis electrostatic trapping, the ensemble of Rydberg atoms are localised close to a continuously moving electric-field minimum as depicted in figure 2(a,i-vi) . As this minimum moves away from the z axis, it gradually decelerates in the z dimension and accelerates along the positive y axis before decelerating again and coming to a standstill at the position of the off-axis trap. A vector indicating the instantaneous acceleration of the electric-field minimum is displayed in the lower left-hand half of each panel. To study the motion of the atoms during the trap-loading process, it is convenient to choose a moving frame of reference which coincides with electric-field minimum. However, this reference frame is not a Galilean invariant frame. The continual acceleration of the electric-field minimum in the yz plane during the deceleration process distorts the potential-energy surface associated with the electric-field distribution in these two dimensions. Motional effects of this kind have been analysed in detail by Meek et al. [34] in the case of the continuously decelerating electric-field minima of chip-based Stark decelerators for ground-state polar molecules [35] . In the accelerating frame of reference, the effective two-dimensional potential-energy surface is described by the addition of a pseudo potential, U pseudo (t), to the potential, U field (t), arising from the instantaneous electric-field distribution. This pseudo potential takes the form U pseudo (t) = −m a min (t) · r min , where m is the mass of the atom or molecule being decelerated, a min (t) is the instantaneous acceleration of the electric-field minimum, and r min is the position with respect to the minimum, so that
In this treatment, the approximation is made that the acceleration of the electric-field minimum is representative of that of the entire electric-field distribution independent of position. Although this is not in general true, it is sufficiently accurate to account for the isotope effects discussed in section 4. The largest deviation from this approximation occurs for the case depicted in figure 2 (ii), in which the decelerating particles have the largest displacement from the minimum. In this instance the acceleration of the electricfield distribution at the position of the particles differs by approximately 30 % from that of the minimum. In figures 2(b-d) the effective potential-energy surfaces, U eff (t), in the frame of reference associated with the continuously moving electric field minimum are presented for H atoms in n = 30 Rydberg states with k = 9, 19 and 29, respectively. The sequence of electric potentials employed for deceleration and trapping was optimised for electric-dipole moments with a magnitude of 2170 D, corresponding to n = 30, k = 19. Comparison of the electric-field distributions presented in figure 2(a) with the effective potentials for n = 30, k = 19 hydrogen atoms [figure 2(c)] reveals that the traveling potential minimum is in general displaced from the electric-field minimum indicated by the full blue circle. However, throughout the deceleration and trap-loading process, the Rydberg atoms are localised close to this point . Although the moving trap is often open in one direction during the deceleration process, the time-dependence of the repulsive electric-field gradient dynamically localises the atoms, as in an electrodynamic trap [36] . This dynamic confinement of the atoms during the deceleration process distinguishes this deceleration and trap-loading procedure from those employed in decelerators in which continuous confinement is achieved throughout the deceleration process [35] . At each step of the deceleration process depicted in figure 2(c) , the contour line below which the center of the decelerating cloud of atoms is confined, given the instantaneous kinetic energy, is indicated in blue. The time-dependence of the strong electric-field gradients leads to changes in the phase-space distribution of the ensemble. This can be seen for the H atoms in n = 30, k = 19 Rydberg states in figure 3 . As the cloud of atoms is initially decelerated and guided around the corner of E2, its motion toward regions of increasing potential energy leads to spatial bunching in both the y and z dimensions. This can be seen after times of 8 and 13 µs in figure 3(a) which corresponds to the potential-energy distributions displayed in figures 2(c,ii) and (c,iii), respectively. At this time, the spatial distributions of the atoms are compressed with respect to those at the time of photoexcitation, while the velocity distribution is expanded [ figure 3(b) ]. During guiding and deceleration toward the off-axis trap, the cloud of atoms spreads out spatially while the velocity distribution is recompressed. At the time when the atoms are loaded into the offaxis trap, the translational temperature of the cloud of k = 19 atoms, for which the deceleration pulse sequence was optimised, has increased to approximately 1.05 times its initial value. This corresponds to a reduction of particle density in momentum 8 space by a factor of 0.95. In addition, the spatial density of the cloud of atoms a this time has reduced to 0.5 times its initial value. As a result, the phase-space density decreases, during the deceleration and trap-loading process, to approximately 45% of its value immediately after photoexcitation. This decrease in phase-space density could in principle be avoided by further refinement of the sequence of pulsed electric potentials.
For an n = 30, k = 9 Rydberg-Stark state, which possesses an electric dipole moment with a magnitude of 1030 D [ figure 2(b) ], the particle dynamics and potentialenergy surface in the moving frame of reference are different from those for states with larger electric dipole moments. In this case, the electric-field gradients in the first 5 to 10 µs of the trap-loading process are not sufficient to completely transfer the particle momentum from the z-into the y-dimension as can be seen in figure 2(b,i) and (b,ii) . Consequently, the centre of the cloud of atoms excited to these states does not enter the off-axis trap but instead collides with electrode E4.
For atoms with larger electric-dipole moments than those for which the deceleration pulse sequence was optimised, a deep trap minimum is maintained throughout the deceleration and trap-loading process. This situation is illustrated in figure 2(d) with the example of the n = 30, k = 29 state which has a dipole moment with a magnitude of 3320 D. In this case, the forces are so large that their kinetic energy is reduced too abruptly with the result that the atoms are reflected during the final stages of deceleration into the off-axis trap [ figure 2(b,iv) ]. The range of dipole moments of the states that can be efficiently loaded into the off-axis trap with the sequence of electric potentials depicted in figure 1(b) is therefore restricted to those that are large enough for efficient guiding around the corner of E2, but small enough to avoid reflection before trap loading. For H atoms with an initial longitudinal velocity of 600 m/s the fullwidth-at-half-maximum of the dipole acceptance ranges from 1715 D to 2400 D.
In the interpretation of the radiative processes leading to the loss of atoms from the off-axis trap, it is important to establish that the loss rates are not affected by the particle dynamics during the deceleration and trapping processes. This can be achieved by comparing trap loss rates following deceleration of H and D atoms in Rydberg-Stark states of the same principal quantum number. In this comparison, the different masses lead to differences in the particle dynamics, whereas the radiative processes are to a good approximation only dependent upon the value of n (see [30] for a comparison of trap loss for Rydberg states of H atoms of different n values). The loss of H and D atoms from the trap are compared in figure 4 . In the experiments, the H atoms, photoexcited to the n = 30, k = 19, Rydberg-Stark state had an initial longitudinal velocity of 600 m/s, while the D atoms, prepared in the n = 30, k = 27, Rydberg-Stark state had an initial velocity of 560 m/s. In both cases, the atoms loss from the trap was monitored by pulsed electric-field ionisation. The data presented in figure 4 demonstrates that the decay of H and D atoms from the trap are identical at n = 30 and thus insensitive to the particle dynamics during deceleration and trap loading. The multiexponential nature of the observed decay is a consequence of the slow redistribution of population to neighboring Rydberg states by the local 125 K blackbody radiation field, as explained in Ref. [30] .
The role of the quadratic Stark effect
The linear dependence of the pseudo potential in the moving frame of reference on the mass of the species to be decelerated [see equation (1)], leads to a significant isotope effect in the operation of the decelerator and off-axis trap. Replacing H atoms with D atoms under similar experimental condition requires the photoexcitation of states with dipole moments which are twice as large. A distinct advantage of Rydberg-Stark deceleration over other deceleration methods is that for a given set of deceleration potentials, deceleration and trap loading can be optimised by selecting Rydberg-Stark states with the most appropriate dipole moments. The top panels of figure 5(a) and 5(b) represent spectra recorded by pulsed electric field ionisation of H and D atoms after deceleration and a 250 µs long storage time in the trap. The vertical dashed lines indicate the field-free positions of the Rydberg states. The observed spectral lines are all located on the high-energy side of these field-free positions, as expected for an experiment designed to trap atoms in low-field-seeking Stark states.
The isotope effect resulting from the pseudo potential term in equation (1) approximately twice as large as those of the trapped H atoms, and (ii) the range of principal quantum numbers suitable for deceleration and trapping using the deceleration pulse sequences depicted in figure 1(b) is narrower for D than for H atoms. The former observation is a consequence of the predominantly linear nature of the Stark effect in combination with the linear mass scaling of U pseudo in equation (1): The force (and thus the magnitude of the dipole moment) required to decelerate and stop the atoms over a given distance and a given time must be twice as large for D as for H. The reduction in the spectral intensity at the low-energy end of the spectra results primarily from the decrease of the number of available Stark states with sufficiently large dipole moments, and to a lesser extent from the shorter lifetimes of low-n Rydberg states. On the high-energy end of the spectra, the difference in intensity is a consequence of the n −4 scaling of the absorption cross-section to Rydberg-Stark states and of the gradual onset of field ionisation in regions of high electric-field strength through which the atoms propagate during deceleration and trap loading.
The experimental data presented in figure 5 are quantitatively accounted for by numerical particle trajectory calculations using a model that incorporates the n dependence of the transition strength and field-ionisation thresholds, and the temporal and spatial distributions of the electric fields employed for deceleration and trapping. The energy shift of a hydrogenic Rydberg state, with quantum numbers n, k, and m, resulting from the application of an electric field F , can be expressed, to second order, as [37] 
where E h = 2 /(m e a 2 0 ) is the Hartree energy, with m e and , the rest mass of the electron and the Planck constant divided by 2π, respectively. In such states, the Stark energy shift depends linearly upon the electric-field strength in weak fields, with the quadratic term playing an increasingly important role only as the field strength is increased. This can be seen in figure 6(a) where the the effective dipole moments of selected RydbergStark states are plotted as a function of the electric-field strength.
In a first set of calculations of the spectra presented in figure 5 (a,i; b,i and c,i), the Stark effect was assumed to be purely linear. The results of these calculation are displayed in figure 5(a,ii; b,ii and c,ii) . While the general appearance of each spectrum is reproduced well by these calculations, discrepancies in the positions of the intensity maxima are noticeable, which increase with increasing n. While the Stark shifts and electric-dipole moments of the Rydberg states which contribute to the calculated spectra are independent of n under the assumption of a linear Stark effect, these shifts increase gradually with n in the experimental spectra [see e.g. figure 5(c,i) ]. In the field of 58 V/cm present in the photoexcitation volume, the Stark effect is, to a good approximation, linear. However, during deceleration and trap loading, the atoms move to regions where the electric-field strength is significantly larger than at excitation [see e.g. panels (a,ii) and (a,iv) of figure 2 ]. In these regions, the quadratic Stark effect, which reduces the Stark shifts, the magnitude of the dipole moments, and the forces acting on atoms in low-field-seeking states, becomes significant. This can be clearly seen in figure 6(b) where the effective electric dipole moment of a H atom in the n = 30, k = 19 Rydberg-Stark state throughout the process of deceleration and trap loading is displayed. Averaged over the entire trajectory of the atoms during deceleration and trap loading, the effective dipole moment of the atoms [2104 D for the case in figure 6(b) ] is therefore smaller than that at excitation. As a result, calculations which disregard the quadratic Stark effect overestimate the dipole moments of the atoms and therefore underestimate the Stark shifts at excitation. Since, for a given electric field strength, the magnitude of the quadratic Stark effect increases with increasing values of n, this effect increases from n = 25 to n = 40 in figure 5 . The discrepancies are eliminated in the calculations in which the quadratic Stark effect is included [see figure 5 (a,iii; b,iii and c,iii)] which are in excellent quantitative agreement with the experimental results.
Conclusion
We have demonstrated that through the selection of Rydberg-Stark states with appropriate electric dipole moments, off-axis electrostatic trapping can be efficiently achieved. Because of the short timescales, on the order of 25 µs, over which deceleration and trap loading takes place, short periods during which the trap opens can be tolerated without giving rise to significant heating of the sample. As a result, the decelerating particles can be considered to be confined in a moving electrodynamic trap. In implementing these methods of Rydberg-Stark deceleration for heavier species, attention must be paid to the mass-dependence of the pseudo potential term in equation (1) to ensure that it does not dominate the field-dependent potential energy distribution for the particular experimental conditions. When increasing the principal quantum number of the Rydberg states employed in the deceleration process, the role of the quadratic Stark shift must be taken into account when using an apparatus of the kind described here. However, as we have shown by comparing the rates of trap loss for H and D atoms with the same values of n, the resulting changes in the particle dynamics during trap loading do not affect the measurements. This observation is also of importance for the reliable comparison of the loss rates for states with different values of n, and for species of different mass. The motional effects which play a central role in the operation of the decelerator and off-axis electrostatic trap described here are also expected to be important in the further development of surface-electrode RydbergStark decelerators [38] and in the implementation of the technique of Rydberg-Stark acceleration in experiments with anti-hydrogen [27] .
